A priori knowledge of spatial and temporal changes in partial pressure of oxygen (oxygenation; pO 2 ) in solid tumors, a key prognostic factor in cancer treatment outcome, could greatly improve treatment planning in radiotherapy and chemotherapy. Pulsed electron paramagnetic resonance imaging (EPRI) provides quantitative 3D maps of tissue pO 2 in living objects. In this study, we implemented an EPRI set-up that could acquire pO 2 maps in almost real time for 2D and in minutes for 3D. We also designed a combined EPRI and MRI system that enabled generation of pO 2 maps with anatomic guidance. Using EPRI and an air/carbogen (95% O 2 plus 5% CO 2 ) breathing cycle, we visualized perfusion-limited hypoxia in murine tumors. The relationship between tumor blood perfusion and pO 2 status was examined, and it was found that significant hypoxia existed even in regions that exhibited blood flow. In addition, high levels of lactate were identified even in normoxic tumor regions, suggesting the predominance of aerobic glycolysis in murine tumors. This report presents a rapid, noninvasive method to obtain quantitative maps of pO 2 in tumors, reported with anatomy, with precision. In addition, this method may also be useful for studying the relationship between pO 2 status and tumor-specific phenotypes such as aerobic glycolysis.
Introduction
By the time a tumor grows to a detectable size, it exhibits significant heterogeneity in critical metabolites such as oxygen, glucose, growth factors, and other nutrients (1) . In normal tissues, such gradients exist approximately 400 μm from blood supply whereas in tumors these gradients exist within approximately 200 μm (2) . Tumors exhibit high levels of glucose uptake and lactate production, reflecting a shift to aerobic glycolysis as a result of activation of oncogenes or loss of tumor suppressor genes (1, (3) (4) (5) . This leads to decreased mitochondrial oxygen consumption, which may be an adaptive response to low oxygen conditions, allowing tumor cells to spare scarce oxygen to allow other critical cellular processes dependent on oxygen to proceed (6) .
Microenvironmental changes occur as a result of inefficient vascular function within a tumor (7) . Tumors become hypoxic because new blood vessels are aberrant and support poor flow patterns (8) . Although tumors induce angiogenesis, the blood vessels that form are structurally and functionally abnormal, resulting in marked regional heterogeneity in tumor perfusion. As a result, tumor progression is paradoxically associated with both angiogenesis and hypoxia (9) . Longitudinal oxygen gradients in tumors result from lack of redundant arteriolar network leading to diffusion-limited hypoxia (10) . Fluctuations in red blood cell flux can cause intravascular oxygen to vary, causing hypoxia-reoxygenation (8) . Instabilities of red blood cell flux may actually be the norm within tumors, leading to widespread instability in partial pressure of oxygen (oxygenation; pO 2 ). Thus, vascular stasis may not be the only process underlying transient hypoxia. Tumors classified as radiobiologically hypoxic (pO 2 < 10 mmHg) have been associated with poor treatment outcome (11) (12) (13) . Hypoxia has a profound impact on tumor behavior and efforts that use hypoxia to predict tumor treatment response are gaining importance (14, 15) . A priori knowledge of hypoxia is of significant value in treatment planning, such as the use of hypoxic cytotoxins and appropriate staging of radiotherapy (13) . Therefore, robust techniques that are capable of monitoring tissue oxygen status in live objects noninvasively and quantitatively will be useful in preclinical research and eventually in clinical use in oncology (16) .
Several methods exist to monitor tissue pO 2 in living subjects (16) . Oxygen-sensing electrodes have thus far provided the most data in human tumors (14, 17, 18) . In this procedure, a fine needle electrode is inserted into accessible tumor sites and the pO 2 is measured at several positions along 2-3 specific tracks. While the electrode measurements of pO 2 are quantitative, it is by nature an invasive procedure limiting its utility to only tumor sites that are readily accessible (19) . The pO 2 information from electrodes is limited to tissue along the needle track in spite of heterogeneous tumor pO 2 patterns along all directions (15) . Tumor pO 2 may also be estimated using nitroheterocycle drugs, which avidly bind hypoxic cells after bioreductive activation and quantify either ex vivo, with biopsies using immunohistochemical analyses, or noninvasively, with positron emission tomography using 18 F-labeled nitroheterocycle drugs (20) (21) (22) . However, the dependence on specific enzymatic reactions necessary to activate agent binding to hypoxic cells makes precise quantitation by these techniques difficult. From a recent summary of the methods being developed/evaluated for clinical use (16) , desirable features of pO 2 monitoring technique are that (a) the technique is noninvasive and capable of examining sites deep in the human body; (b) quantitative pO 2 can be determined with precision in the pO 2 range of 0-20 mmHg; (c) the technique is capable of providing longitudinal measurements, anatomically coregistered pO 2 maps in 3D, with useful spatial and temporal resolution.
Electron paramagnetic resonance (EPR) is a spectroscopic technique similar to nuclear magnetic resonance. EPR detects paramagnetic species that have unpaired electrons such as transition metal complexes and free radicals. With the recent availability of triarylmethyl radical (TAM) probes as in vivo compatible paramagnetic tracers (23) , EPR imaging (EPRI) is being explored for mapping tissue oxygen in live animals (24) (25) (26) . The collisional interaction between TAM and dissolved paramagnetic oxygen leads to a broadening of the spectral line width of TAM. The EPR spectral broadening of TAM is linear with oxygen concentration, providing quantitative capability of EPR in determining tissue pO 2 (27) . Furthermore, using magnetic field gradients, as in MRI, the spatial distribution of the TAM tracer can be obtained in a living subject (28) . By extracting the pO 2 -dependent EPR line widths, a pO 2 map within the body can be generated (25) .
While images from EPRI provide maps of pO 2 , they lack the anatomic detail provided by MRI scans. We therefore designed a combined EPRI plus MRI system, operating at a common frequency of 300 MHz in both modalities, with the corresponding magnetic fields at 10 mT (EPRI) and 7 T (MRI). Sequential scans with the 2 modalities employing a common resonator enables pO 2 maps with anatomic guidance. Also, additional information gathered from MRI such as blood flow, blood volume, and water apparent diffusion coefficients (ADCs) aids in a more complete understanding of tumor physiology. In this report, we describe for the first time to our knowledge, the implementation and performance of pulsed EPR, also named Time Domain EPR, oxygen imaging of a preclinical animal model that can acquire pO 2 maps in almost real time for 2D and in minutes for 3D. Further, it was possible for what we believe to be the first time to choose regions of interest (ROIs) based on pO 2 status and examine, using magnetic resonance spectroscopy (MRS), the levels of metabolites such as lactate, choline, etc., which may reflect the glycolytic states in the same regions. The results from this study show that (a) it is possible using EPR and air/carbogen cycling in the inspired gas to obtain spatial information pertaining to perfusion-limited hypoxia in tumors in a living animal. (b) The relationship between blood volume, blood flow, and pO 2 status from the tumors can be examined; there appear to be situations where substantial hypoxia may exist even in regions exhibiting blood flow. (c) High levels of lactate indicative of glycolysis, even in normoxic regions of tumors, were identified using sequential EPRI and MRS. This is a first report to our knowledge to simultaneously provide pO 2 levels and lactate levels in specific regions of tumor, visualizing the predominance of aerobic glycolysis in normoxic regions of tumors in intact animals.
Results
The pulsed EPR system used in this study ( Figure 1A ) has been designed to attain a time resolution of 5 ns, which allows tracking of the pO 2 -dependent spin dynamics of paramagnetic tracers (29) . A phantom object with 4 tubes of aqueous solutions containing 3 mM of the oxygen sensitive paramagnetic tracer TAM equilibrated with 0%, 1%, 2%, and 5% oxygen was used to test pO 2 imaging capabilities by EPRI ( Figure 1B) . From the EPR image, the spectral line widths were extracted from the ROI drawn,
Figure 1
The pulsed EPR system. (A) EPRI spectrometer used for pO2 imaging. Oxygen imaging is carried out using the 300 MHz pulsed EPR scanner operating at 10 mT, having 5 ns time resolution for signal detection. (B) A 4D (3D spatial and 1D spectral) EPR image was obtained after infusion of the oxygen sensitive probe TAM equilibrated at different levels of oxygen as indicated in the figure. Spatially resolved EPR line width of TAM can be extracted from the EPR signal intensity image, which has linear relationship with partial pressure of oxygen (C), and consequently, an absolute pO2 map (D) can be obtained with anatomical overlay by sequential MRI scan of the same object.
encompassing each of the 4 tubes, and the mean line width values were plotted against oxygen concentration ( Figure 1C ). The linear relationship between the line width and pO 2 , and the capability to discriminate differences of 3-4 mmHg from the EPRI experiments, was evident from the experimental results. Sequentially, the proton MRI image of the same phantom was obtained and overlaid on the pO 2 image, finally yielding the anatomically coregistered pO 2 image ( Figure 1D ).
The use of radio frequency (RF) at 300 MHz for EPR permits pO 2 imaging deep in the tissue of a living object as with MRI. The tail vein of a healthy mouse was cannulated to permit administration of TAM as a tracer for EPRI. The anatomic image from MRI ( Figure  2A ) from the lower body of a healthy mouse and corresponding pO 2 map from EPRI ( Figure 2B) show that the normal muscle tissue is homogeneously well oxygenated (20.8 ± 3.3 mmHg; n = 6). The ability of pulsed EPRI to distinguish a 3- to 4-mmHg pO 2 difference and its applicability to living objects makes it possible to provide unique and clinically useful information on tumor hypoxia. Figure  2C shows the anatomic image from MRI of a squamous cell carcinoma (SCC) tumor-bearing mouse (implanted on the right hind leg), and Figure 2D shows the corresponding pO 2 map from EPRI. Previous studies showed that the SCC tumor at a size of 1 cm 3 exhibits hypoxia in a significant fraction (25, 30) . There was no significant difference in pO 2 between normal muscle tissues with or without tumor as opposed to significant lower pO 2 level (10.5 ± 3.6 mmHg; n = 6; P < 0.01) in tumor region ( Figure 2E ).
Anatomic imaging using MRI has improved substantially with the availability of scanners with increasing magnetic field strength. The operating RF of MRI at 7 T being 300 MHz offers opportunities for a common RF chain for both MRI (7 T) and EPRI (10 mT) such that an object can be sequentially scanned for anatomy with MRI and mapped for pO 2 by EPRI using the same resonator/gantry. This capability permits reliable coregistration of tissue oxygen maps from EPRI with the anatomic images from MRI without the need to move the object within the resonator/gantry between the 2 scan procedures. Based on this concept, the capability of assessing radiobiologically relevant hypoxic regions in tumors by the pulsed EPRI, anatomic imaging by MRI, and additional physiologic studies using blood pool contrast agents was examined in an experimental model of tumor-bearing mouse. The tumor-bearing mouse was placed in the resonator such that the field of view (FOV) spanned the 2 legs, with the torso placed outside on a platform ( Figure 3A) . Two tubes containing TAM in water (fiducials) were also included in the FOV so that they could be detected by both the imaging modalities. Figure 3B shows the proton transverse relaxation time-weighted (T 2 -weighted) MRI anatomic images of the 2 legs in the axial and coronal profiles (T 2 is the proton spin-spin relaxation time). The tumor-bearing leg can be clearly visualized, from which the ROIs were chosen. (EPRI studies were conducted prior to MRI, so that there was no influence of the contrast agents used in MRI on EPR spectral properties of TAM.) The pO 2 maps (axial and coronal) obtained from EPRI in the same FOV of the mouse when breathing air are shown in Figure 3C . From the pO 2 maps, it can be seen that significant regions of the tumor were hypoxic. Figure 3D shows the images from the same mouse when the breathing gas that was switched to carbogen (95% O 2 plus 5% CO 2 ). The pO 2 maps from EPRI show that under these conditions, a significant part of the tumor exhibited increase in oxygen as shown in the frequency histogram ( Figure 3E ). After the EPRI studies, the resonator containing the mouse was moved to the gantry along with the breathing cone and i.v. lines and placed in the 7 T MRI magnet. After acquiring anatomic images ( Figure 3B ), ultrasmall superparamagnetic iron oxide (USPIO) solution was injected through the cannula in the tail vein. USPIO, which is a T 2 contrast agent restricted to vasculature, decreases the image intensity from the blood vessels (31) . From the difference image (image before contrast agent administration - image after contrast agent administration), absolute blood volume can be calculated ( Figure 3F ). The blood volume image, when compared with the corresponding anatomic image ( Figure 3B EPR oxygen imaging of normal muscle in live mice. EPRI method allows the pO2 map from deep in tissue of healthy mouse to be obtained. The anatomic image from MRI (A) of the lower body of a healthy mouse (without tumor bearing) and corresponding pO2 map from EPRI (B) showed that the normal muscle region had relatively homogeneous pO2 distribution. The anatomic image (C) and pO2 image (D) were also obtained from the contra-lateral normal leg of a SCC tumor-bearing mouse, and compared with that of a healthy mouse. (E) There was no significant difference in pO2 between normal muscle tissues with or without tumor bearing as opposed to the significant, lower pO2 in tumor region of the SCC mouse.
volume, significant hypoxia exists; (c) carbogen breathing resulted in significant pO 2 of hypoxic regions in the tumor using the vascular network. When the pO 2 images from EPRI were converted into a frequency histogram ( Figure 3E ), it could be seen that the median pO 2 value increased from 16.3 ± 10.0 mmHg while the mouse was breathing air to 35.5 ± 17.4 mmHg while the mouse was breathing carbogen. Percentage of the hypoxic fractions that were less than 10 mmHg in tumor region also decreased from 35.1% to 7.2% by carbogen breathing. Each 3D EPR image required 8 minutes for acquisition with a spatial resolution of 1.8 mm. The ability to distinguish pO 2 with an error limit of ± 3-4 mmHg should make it possible to unambiguously monitor changes in response to interventions and pharmacologic challenges.
The capability of overlaying such information with MRI provides the ability to study the relationship between pO 2 and other physiological properties such as blood volume and blood flow, which can be routinely obtained by MRI. Results shown in Figure  4 are typical examples of such capabilities, all obtained from the same animal. The axial and coronal images of pO 2 distribution from EPRI are shown in Figure 4D . These images show regions of hypoxic cores both in the axial and coronal perspectives. Subsequent to the EPRI data collection, MRI studies were carried out to obtain anatomical information ( Figure 4A ). In addition to anatomic information from MRI, angiograms, which visualize the major blood vessels in the ROI ( Figure 4B ), ADC maps ( Figure 4F ) (32, 33) , which are indicators of cellularity, and blood flow obtained by arterial spin labeling (34, 35) (Figure 4G ), were collected. After these scans, USPIO suspension was administered through the tail vein cannula to assess the blood volume ( Figure  4 , C and E). The images shown in Figure 4 , obtained by various modalities in MRI along with the pO 2 maps (Figure 4D ), provide a more comprehensive assessment of the tumor physiology with respect to the relationship between perfusion-related parameters and the corresponding pO 2 . In the pO 2 maps from EPRI, the hypoxic cores identified from both axial and coronal slices are spatially coincident and are consistent with relatively low levels of blood flow as studied by arterial spin labeling ( Figure 4G ) and lack of major blood vessels ( Figure 4B ). The blood volume image represents the microvessel density in the SCC tumor ( Figure 4 , C and E). The image data suggest that while lower blood volume correlates with decreased pO 2 , higher blood volume does not necessarily translate into increased pO 2 . An ADC value gives quantitative insight into the diffusion of water in a tissue microenvironment in the direction of the diffusion sensitizing gradient. Since major limiting factors of water diffusion are cell membrane and nuclear membrane, ADC values are sensitive to inherent characteristics such as tumor cellularity, ratio of intracellular and extracellular water content, polar character of the cells, and existence of necrosis (32, 33) . The ADC map ( Figure 4F) shows the clearly limited water diffusion within the tumor compared with surrounding normal tissue. The distribution of ADC values was quite homogeneous over the whole tumor region in contrast with pO 2 distribution, which is heterogeneous as with blood flow levels. Radiationinduced necrosis causes an increase in ADC, where changes can be observed much earlier than changes of tumor size, making it a possible early surrogate marker of tumor treatment response (32, 33) . Implementation of oxygen mapping coregistered with MRI maps, such as blood volume and blood flow obtained before and after treatment, will help oxygen-dependent efficacy of radiation therapy to be understood. Scatter plots of pO 2 against blood volume and blood flow in the ROI of the tumor region are shown in Figure 5 , A and B, and averaged pO 2 values of 4 individual tumorbearing mice were calculated in the different fractions of blood volume ( Figure 5C ) and blood flow ( Figure 5D ). The pO 2 value obtained by pulsed EPRI positively but not linearly depended on the tumor vascularity, where tumor hypoxia clearly existed only in the region with weak blood perfusion. It is also of interest to note that in regions exhibiting high blood volume and blood flow levels, tumors were relatively better oxygenated.
Most of present treatment strategies and diagnostic tools for cancer are based on characteristic phenotypes commonly observed in many human cancer cell lines. One common phenotype of tumor is aerobic glycolysis, also known as "Warburg effect" (3, 4, 36) . Tumor cells meet their energy (ATP) needs by predominantly metabolizing glucose directly to lactate, even in the presence of adequate oxygen, unlike normal tissue that produces most of its ATP by metabolizing glucose to carbon dioxide and water in mitochondria in an oxygen-dependent pathway. Figure 6A shows the 3 different ROIs (2.5 × 2.5 × 2.5 mm 3 cube) for MRS, locations which were selected based on the pO 2 status (Figure 6B) , and the blood volume levels from MRI ( Figure 6C ). Typical metabolite peaks such as lactate, creatine, and total choline were distinctly visible in the MRS spectra obtained from the selected ROIs ( Figure 6D ). The tumor region with higher pO 2 (22.8 mmHg) contained clearly high levels of lactate, indicating the predominance of aerobic glycolytic process in normoxic tumor regions. The averaged lactate peak area in radiobiologically oxygenated region (>10 mmHg) was significantly higher than that in hypoxic region (<10 mmHg) as shown in Figure 6E . The difference in lactate content can be explained by the limited blood supply and nutrient supply, i.e., limited glucose sup- ply in hypoxic regions estimated from the blood volume differences in these regions. The studies described in Figures 2-6 , validated by standard phantoms in Figure 1 , suggest that valuable physiological information from pO 2 maps can be satisfactorily provided by pulsed EPR oxygen imaging technique, which we developed for the first time. The oxygen status can be coregistered with a host of related physiologic and metabolic information derived from MRI/ MRS to gain more complete understanding of tumor physiology.
Discussion
This study developed a methodology using pulsed EPRI for quantitative determination of tissue pO 2 distribution with sensitivity, especially in the radiobiologically hypoxic regions of tumors. Implementation of pulsed EPR-based technique in this study, combined with the recent availability of TAM probes with long lasting effective proton transverse relaxation time (T 2 *) made such a capability feasible (29) . Pulsed EPRI-based images from defined phantom objects with oxygen sensitive EPR tracer TAM, equilibrated under different levels of pO 2 , were used to extract pO 2 values by monitoring the oxygendependent shortening of T 2 * of TAM. The resultant oxygen maps show that it is possible to monitor changes in pO 2 of ± 3 mmHg. This capability makes it possible to distinguish radiobiologically hypoxic regions in tumors on an absolute pO 2 basis, a capability unique to EPRI. Furthermore, since the RF is common between EPRI at 10 mT and MRI at 7 T, a common resonator tuned at 300 MHz can be used for both EPRI and MRI. This provided a useful capability for pO 2 images to be reliably overlaid with anatomic and other physiologic information from MRI such as blood volume, blood flow perfusion, etc., without removing the object from the resonator. It is therefore possible to understand the relationship between absolute tissue pO 2 levels with perfusion-related parameters.
The pO 2 maps from EPRI in the tumor show a heterogeneous distribution in pO 2 level. There were regions that are relatively well oxygenated as well as significantly hypoxic regions. Interestingly, upon inhalation of carbogen, significant increases in pO 2 were noted around major blood vessel recognized in anatomic and perfusionrelated images. Such regions may represent regions of transiently hypoxic tissue (37) . Areas distal from the major blood vessel did not display any increases in pO 2 , which may result from the presence of longitudinal pO 2 gradients (10). Where the vascular oxygen content remains low, the radial diffusion distance of oxygen becomes shorter. Sorg et al. demonstrated, using a window chamber model, that hyperoxic gases have an impact on the tissue pO 2 nearer the afferent feeding vessels and yet have little effect on the downstream vasculature (38) . Dunn et al. reported the vasoconstrictive effect of carbogen in a site-dependent manner, resulting in decrease of tumor blood flow (39) , which may be also a reason for lack of improvement in pO 2 by carbogen breathing. The pO 2 images obtained from mice breathing air and carbogen can be converted into frequency histograms similar to data obtained by electrode or optical probes, which do not provide spatial information of pO 2 but a general distribution from the sampled regions. The median pO 2 value in tumor while breathing carbogen was significantly higher than that while breathing air, consistent with earlier results (30) .
Prior information for spatial distribution of hypoxia in tumors has the promising potential to improve the efficacy of intensitymodulated radiation therapy (IMRT), which modulates the intensity of the incoming beam of radiation from multiple directions and can be used to achieve a higher degree of spatial agreement of the resulting dose distribution with the target tumor. Generally, in IMRT, the dose distribution is adjusted to have high doses of radiation over the primary target region and low doses that go through particularly critical structures around the tumor. In a few preliminary studies, the pO 2 information-based inverse IMRT planning has been said to improve the treatment efficiency over uniform radiation (40) (41) (42) , but its benefits are still unclear and it needs more investigation. In previous studies, the pO 2 information came from invasive Eppendorf electrode or MRI images under the assumption that the concentration of MRI contrast media such as Gd-DTPA in the tumor is related to the oxygen tension (41, 42) . Absolute and rapid 3D oxygen mapping by pulsed EPRI techniques can help verify the usefulness of pO 2 -based IMRT.
Recently, transient improvement in tumor pO 2 by antiangiogenesis drugs has been getting increasing attention to improve radiotherapy efficacy (43) . A combination of pO 2 maps obtained by EPRI and perfusion-weighted images by MRI will contribute to a better understanding of tumor oxygen status and its relationship with other blood flow and metabolic profiles, making it possible for a more detailed planning of combination therapy of anticancer drugs and radiation.
The shift in energy production from oxidative phosphorylation to glycolysis in tumor confers great opportunity for diagnosing cancer with positron-emission tomography using 18 F-fluorodeoxyglucose. Since lactate is an end product of glycolysis and rarely observed in normal tissue as a strong peak, it provides a reliable MRS marker to distinguish the existence of tumor from normal tissue. Interestingly, in clinical MRS there is considerable debate as to whether the lactate is the end product of the nonoxidative glycolysis and therefore whether its presence can or cannot be correlated with poor pO 2 levels or hypoxia, which may exist in tumor (44, 45) . The combination of EPR oxygen imaging and MRS in this study clearly and noninvasively shows that tumor produces lactate even in the well oxygenated region. Therefore, noninvasive tools for oxygen imaging are helpful for precise understanding of tumor metabolism as demonstrated in this work.
In conclusion, a rapid, noninvasive method to obtain quantitative maps of pO 2 in tumor region, coregistered with anatomy, with precision needed to identify radiobiologically hypoxic regions as well as transient hypoxia versus chronic hypoxia, is presented. This method provides such capabilities and therefore may represent a potentially clinically useful modality, which can aid in treatment planning of solid tumors either by radiotherapy alone or in conjunction with chemotherapy. In addition, this method may also be useful for better understanding the relationship between pO 2 status and tumor-specific phenotypes such as aerobic glycolysis.
Methods

Chemicals. The triarylmethyl (TAM) probes oxo63 and oxo31 were obtained
from GE Healthcare. We tested the probes and found both oxo63 and oxo31 can be used for EPRI oximetry. They are based on a triarylmethyl (trityl radical) structure, which is derivatized extensively to confer optimal chemical, pharmacological, and EPR characteristics such as stability, water solubility, low toxicity, long in vivo half-lives, single narrow line resonance, and pO2-dependent EPR line widths (23) . The dose of TAM used for imaging (1.125 mmol/kg) was well below the maximally tolerated dose of 2.5-7.0 mmol/kg and the LD50 of 8 mmol/kg (30) . The pharmacologic half-life of TAM in kidney and blood was 17-21 minutes. The intrinsic line width of TAM is 40 mG. The actual line widths (FWHM) at 300 MHz are 180 mG and 133 mG, respectively, for oxo63 and oxo31, due to the presence of unresolved hyperfine coupling from 13 Pulsed (time domain) EPRI and oximetry. Technical details of the pulsed EPR scanner operating at 300 MHz, data acquisition based on the singlepoint imaging (SPI) modality, image reconstruction, and the oximetry calculation procedure were described in the earlier reports (25, 29, 46) . Briefly, the SPI is a pure phase-encoding imaging technique. The free induction decays (FIDs) following the excitation pulse (80 ns, 80 W) were sampled using a fast analog digital converter (200 mega samples/s). The repetition time (TR) of 5.5 μs corresponded to 180,000 excitations and acquisitions per second using 70° flip angle, satisfying the Ernst angle condition for steady state magnetization. The FIDs were collected under a nested looping of the x, y, z gradients and each time point in the FID underwent phase modulation enabling 3D spatial encoding. Since FIDs last for a couple of microseconds, 1 could generate a sequence of T2*-weighted images, which allowed pixel-wise estimation of in vivo pO2. In order to get reproducible values of T2* and to retain a more or less uniform image resolution, a set of 3 gradients were used, and data for corresponding images were collected in an interleaved fashion (25) . The spatial resolution of SPI modality, in which all 3 directions were phase encoded, employed here does not, in principle, depend on the line width (FWHM) of the TAM probe. If the power spectrum of the pulse is uniform throughout the k-space (image data represented in Fourier space called k-space) for all the gradients used, the spatial resolution is simply defined by the FOV and the number of k-samples (elements in k-space). In our measurements, the spatial resolution was 1.8 mm, although the pixel resolution was digitally enhanced in order to coregister with MRI images.
Identical RF coil and fiducial for pulsed EPRI and 7 T MRI. The basic description of parallel coil resonator used as an identical coil for pulsed EPR and 7 T MRI operating at 300 MHz was described in an earlier report (47) . The quality factor (Q value) of the coil has to be small in pulsed EPR in order to shorten the receiver recovery time, i.e., dead time, and the Q value in the range 20~30 would be optimal for mouse imaging at 300 MHz in our EPR system, though higher Q is better to obtain the good signal to noise ratio in MRI. Switching of Q values of the coil was done by isolating the damping resistance from the main circuit (48) . A parallel coil resonator (25 mm i.d. with 25 mm long) with Q switch was constructed for sequential EPR and NMR imaging.
The use of the position makers (fiducials), which can be seen in both imaging modalities is a straightforward approach to adjust the registration of EPR and NMR images. The position markers were made of 3 capillaries (i.d. = 1 mm) containing 3 mM TAM solution, in which TAM could be seen in EPRI and water proton of solvent could be detected by MRI. Two capillaries were placed vertically and the third was placed horizontally. Coregistration of EPR and MRI images was accomplished using code written in MATLAB (Mathworks).
MRI/MRS scanner and pulse sequence. MRI and MRS measurements were done with a 7 T scanner controlled with ParaVision 3.0.2 (Bruker BioSpin MRI GmbH). After a quick assessment of the sample position by a fast low-angle shot (FLASH) tripilot sequence, T2-weighted anatomical images were obtained using a fast spin echo sequence (RARE) with an echo time (TE) of 13 ms, TR of 2,500 ms, 16 slices, RARE factor 8, resolution of 0.125 × 0.25 mm, and acquisition time of 80 s. For convenience of coregistration with EPRI, all MRI images had the same FOV of 3.2 cm and slice thickness 2 mm unless otherwise mentioned. For T2 mapping, spin echo images were obtained using a multi-slice multi-echo (MSME) sequence, with a 10-echo train and a TE of 15 ms, which required 9 minutes. Diffusion-weighted spin echo images were obtained with TE of 40 ms, TR of 3,000 ms, 8 slices, b-values (diffusion gradient encoding values) of 1.4 and 1044.8 s/mm 2 , and resolution of 0.25 × 0.25 mm. ADC was separately acquired with 3 different diffusion gradient directions (read, phase, and slice), and the average was used as ADC value. Total acquisition time for diffusion-weighted imaging was approximately 20 minutes. To create an angiogram, 64 slices of axial image with 0.5-mm thickness were obtained using a spoiled gradient echo (SPGR) sequence, with very short TR of 20 ms. In such condition, blood protons existing in the slice region are almost saturated and only blood coming freshly into the slice region can give the signal. All 64 axial slices were combined to create data set of 3D angiogram, and coronal slice through the center of tumor was extracted from 3D angiogram. In order to obtain blood flow image, a single 1 mm axial slice was chosen through the center of tumor. Relative blood flow was measured using arterial spin labeling (49) . A labeling pulse of 2 s with power of -6 dB of 90° pulse under the field gradient 80 mG/cm was used at 1.2 cm rostral to the tumor center to label arterial spins. MRI parameters were as follows: matrix, 128 × 80; FOV, 32 mm; TE, 6.8 ms; and TR, 2,000 ms. Total time for the experiment was about 9 minutes. Blood volume calculation was based on the T2* shortening effect and resulting signal loss by USPIO injection. SPGR sequence images were as follows: matrix, 256 × 256; TE, 5.4 ms; TR, 250 ms; slice thickness, 2 mm; scan time, 4 minutes were obtained before and 5 minutes after USPIO injection (1.2 μl/g body weight). Percentage of tumor blood volume was estimated by the expression 100 × (S pre - S post ) / [S pre + S post (Wb/Wt - 1)], where S pre and S post were the signal intensities of each voxel before and after USPIO injection and Wb and Wt were intra and extra vascular water fractions.
MRS was performed using a PRESS sequence (1 ms Hermite pulses) to localize a 2.5 × 2.5 × 2.5 mm 3 voxel positioned either on the tumor or contra-lateral normal tissue. Voxels were chosen to be in regions with minimum fat. A spectral width of 11 PPM over 4,096 data points with a TR/TE of 2,000/21.3 ms were chosen for spectroscopy. An outer volume suppression (8 mm thick; 2 ms hyperbolic secant pulses [sech]; band width, 10.125 KHz) was employed to further improve the MRS within the voxel. After uniformity of the magnetic field experienced within a chosen voxel was improved using localized optimization techniques, a single spectrum of the water was acquired. The time domain data was processed without appodization and the line width at half height was measured; this value was used to access the efficiency of field optimization within the voxel across animals. Field optimizations were repeated for each chosen voxel. Water suppression was achieved with the VAPOR (50) sequence (bandwidth 145 Hz; 900/1,800 = 37.24/23.58 ms Hermite pulses, 512 acquisitions, total scan time, ~17 min) and the Spectra of the water suppressed, tumor metabolites were obtained after appodization (line broadening, 3 Hz).
Experimental design. Female C3H Hen MTV mice were supplied by the Frederick Cancer Research Center, Animal Production. The animals were received at 6 weeks of age and housed 5 per cage in a climate-controlled, circadian rhythm-adjusted room and were allowed food and water ad libitum. SCC cells (SCCVII) were implanted in the femoral muscle of the right hind leg 9 days before the experiments. The tumor size during experimentation was approximately 1.2 cm. Body weight measured before the experiments was 22-28 g. Mice were anesthetized by isoflurane (4% for induction and 1%-2% for maintaining anesthesia) in medical air (700 ml/min) and mounted prone on a special holder. A pressure transducer (SA Instruments Inc.) was placed on the mouse to monitor and maintain a steady breathing rate at 60 ± 10 per minute. During EPR and MRI measurements, core body temperature of the mouse was monitored using a nonmagnetic rectal temperature probe (FISO) and maintained at 37 ± 1°C with flow of warm air. A 30-gauge needle was cannulated into the tail vein and extended using polyethylene tubing (PE-10) for administration of TAM and USPIO solutions. Experiments were carried out in compliance with the Guide for the care and use of laboratory animal resources (National Research Council, 1996) and approved by the National Cancer Institute Animal Care and Use Committee.
Statistics. Differences in pO2 levels and MRS peak areas were compared using the paired or unpaired 2-tailed Student's t test. Differences were considered significant when P < 0.05. All error bars in the figures were expressed as standard deviations.
